Abstract. As a first step in our effort to simulate terrestrial hydrological processes for the entire Yangtze River basin, a hydrologically based three-layer variable infiltration capacity (VIC-3L) land surface model is applied to the Baohe River basin, which has a drainage area of 2500 km 2 . Water fluxes of the Baohe River basin are simulated using the VIC-3L model at a spatial resolution of approximately 4 km. The soil and land cover properties were taken from the resource and environment database (scale 1 : 4 000 000) of China (REDC). The vegetation and land cover data were also derived from the moderate resolution imaging spectroradiometer (MODIS) data over the study area. Measurements from a number of weather stations were used to obtain meteorological forcings for each modeling grid based on a stepwise interpolation approach (SIA). The VIC-3L model was run at a daily time step. Differences in model-simulated water fluxes resulting from using the two different data sources (i.e., MODIS versus REDC) on information of land cover classification and leaf area index (LAI) were compared. Model-simulated daily runoff was routed through the Baohe River basin network and compared with the daily observed streamflow measured at Jiangkou hydrological station at the outlet of the Baohe River basin from 1992 to 2001. Results from the VIC-3L model simulations using REDC data compare well with the observations in general, but the model-simulated streamflows often underestimate the observed peak flows significantly. In comparison, the underestimations of the peak flows are significantly improved when more accurate vegetation information on land cover and LAI from MODIS is used. The REDC land cover was obtained about 20 years ago with only six different types of vegetation that are generally distributed homogeneously throughout the study region. However, the land cover in the Baohe River basin is mainly mixed forest. The unrealistically large land cover area of deciduous broadleaf forest in the REDC data source resulted in an unreasonable increase in evapotranspiration and a decrease in streamflows. This study indicates clearly the important role that remote sensing (e.g., MODIS data) plays in improving model simulations. 853 Résumé. À titre de première étape dans notre travail de simulation des processus hydrologiques terrestres pour l'ensemble du bassin du fleuve Yangtsé, nous avons appliqué un modèle hydrologique de surface à capacité d'infiltration variable à trois couches distribué spatialement (VIC-3L) au bassin du fleuve Baohe, couvrant une zone de drainage de 2500 km 2 . Les flux d'eau du bassin du fleuve Baohe sont simulés à l'aide du modèle VIC-3L à une résolution spatiale d'environ 4 km. Les propriétés du sol et du couvert ont été dérivées de la base de données sur les ressources et l'environnement (échelle 1 : 4 000 000) de la Chine (REDC) tandis que les données sur la végétation et le couvert ont été dérivées des données MODIS (« moderate-resolution imaging spectroradiometer ») de la région. Des mesures provenant d'un certain nombre de stations météorologiques ont aussi été utilisées pour obtenir un forçage météorologique pour chacun des points de la grille de modélisation basé sur une méthode d'interpolation par étape (SIA). On a fait tourner le modèle VIC-3L à un pas d'une journée. On a comparé les différences dans les flux d'eau simulés par le modèle suite à l'utilisation de ces deux sources de données (i.e., MODIS versus REDC) au niveau de l'information sur la classification du couvert et de l'indice de surface foliaire (LAI). Les débits journaliers simulés par le modèle ont été distribués à travers le réseau du bassin du fleuve Baohe et comparés aux débits journaliers observés à la station hydrologique de Jinagkou, à la sortie du bassin du fleuve Baohe, de 1992 à 2001. Les résultats des simulations du modèle VIC-3L utilisant les données REDC concordent bien en général avec les observations quoique les débits simulés par le modèle sous-estiment souvent de façon significative les débits de pointe observés. En comparaison, les sous-estimations de débit maximal sont significativement améliorées lorsque l'on utilise l'information plus précise relative à la végétation dérivée des données de couvert et de LAI de MODIS. Les données du couvert dérivées de la base REDC ont été obtenues il y a environ 20 ans et ne comportaient que six types différents de végétation répartis de façon homogène à travers la zone d'étude. Or, le couvert du bassin du Baohe est principalement composé de forêt mixte. La surface anormalement élevée de forêt de feuillus observée dans la base de données REDC a 840
Introduction
Applications of remote sensing in hydrological studies and water resources management can be categorized as follows: (i) using original remote sensing imagery directly to identify hydrologically important spatial phenomena; (ii) using processed remote sensing data, such as precipitation, as forcings of hydrological models; (iii) using multispectral data, such as vegetation (land cover) types and density, to quantify surface parameters; (iv) direct calculation of evapotranspiration distribution in terms of spectral data of satellite remote sensing based on surface energy balance (e.g., Bastiaanssen et al., 1998) ; (v) using remote sensing derived fields, such as soil moisture, to improve model simulations through data assimilations; and (vi) validating model simulations using remote sensing data. Accurate model simulations depend on a number of factors, such as good parameterizations of physical processes, a balanced representation of model complexity, good model input forcings, and good model parameters. Remotely sensed data can, at least, improve model simulations by (i) providing more accurate spatially distributed model parameters such as vegetation information over a study region, and (ii) helping to identify potential model structure weaknesses through validation, data assimilation, etc.
Accurate estimation of the spatial distribution of actual evapotranspiration over a large region is very challenging, but critically important for land surface models to obtain reasonable partitions of water and energy fluxes in water and energy budgets. Although good progress has been made towards estimating the spatial distribution of evapotranspiration based on remotely sensed data (e.g., Bastiaanssen et al., 1998; Jiang and Islam, 2001; Ayenew, 2003) , most of them are not yet at a satisfactory level. Errors in the approximation of surface energy balance components lead to errors in evapotranspiration estimations. As pointed out by Gillies et al. (1997) , estimation of the evapotranspiration distribution with satellite remote sensing remains a challenge. Therefore, a promising approach to obtaining reasonable estimation of the spatial distribution of evapotranspiration at present is to estimate the evapotranspiration by land surface models with an effective use of remote sensing information. For instance, vegetation parameters, such as land cover and leaf area index (LAI), are important factors for obtaining accurate evapotranspiration estimation. Current remote sensing techniques have the capability of providing relatively reliable information on land cover type and LAI (e.g., Engman, 1996; Ritchie and Rango, 1996; Kim and Barros, 2002) . Therefore, incorporating such new remote sensing information (e.g., new spatial vegetation information with high resolution to allow multiple land cover types to coexist within a model computational grid cell) into land surface models may lead to significant improvement in evapotranspiration estimations, which would then lead to improvement in calculations of other components in the land surface models.
Although the potential of remote sensing has been widely recognized, there are few examples of successful applications in hydrological simulations (Engman, 1996; Ritchie and Rango, 1996) . It is still difficult to select and interpret appropriate spectral data and extract useful information for hydrological process studies. Among remotely sensed information, hydrologically significant variables that are underutilized are vegetation parameters derived from optical remote sensing. In particular, vegetation structural parameters, such as LAI and canopy closure, are important in precipitation interception and evapotranspiration and thus play a crucial role in land surface models.
The three-layer variable infiltration capacity (VIC-3L) model (Liang et al., 1994; 1996a; 1996b; Cherkauer and Lettenmaier, 1999; Liang and Xie, 2001 ) is a hydrologically based land surface scheme. Spatial variabilities of infiltration, precipitation, and vegetation are considered partially in the model to simulate water and energy budgets at the land surface. The dynamics of runoff generation includes two components, fast runoff and slow runoff. Direct runoff, including both saturation and infiltration excess runoff (Liang et al., 1994; Liang and Xie, 2001) , represents the fast component, and the ARNO model subsurface flow (Francini and Pacciani, 1991; Todini, 1996) represents the slow component. The upper soil layer of the model is designed to represent the dynamic response of the soil to rainfall events, and the lower layer is used to characterize the seasonal soil moisture behavior through the slower dynamics of inter-storm period associated with deeper soil moisture and subsurface flow processes. In this application, we do not explicitly represent the groundwater table. In other words, the unsaturated and saturated zones are treated in a lumped sense. The VIC-3L model, however, can explicitly deal with the dynamics of surface and groundwater interactions and calculate the groundwater table . Besides the upper and lower layers, the VIC-3L model also has a thin topsoil layer, which allows for quick bare soil evaporation following small summer rainfall events. VIC-3L includes soil moisture diffusion processes between the three soil layers (Liang et al., 1996a) and can be applied in a cold climate where snow and frozen soil processes play important roles (Cherkauer and Lettenmaier, 1999) . The model is driven by precipitation, maximum and minimum daily temperature (daily time step) or temperature for every sub-daily time step, and wind speed as an input for the full energy and water balance mode. Vegetation exerts important controls on the exchange of water and energy at the land surface and is therefore explicitly incorporated into the model in a simple yet reasonable manner in which multiple land cover types (i.e., different vegetation cover and bare soil) and their corresponding LAIs are explicitly represented within each model grid and are prescribed-updated through input information. Specifically, the structure of the VIC-3L model allows, in principal, as many land cover types as possible within each model grid as long as such information is available.
The VIC-3L model and its variations (referred to as VIC) have been tested and applied to various basins of different scales with good performance (e.g., Nijssen et al., 1997; Wood et al., 1997; Liang and Xie, 2001; Parada et al., 2003) . The VIC model has also performed well under humid and cold conditions in the various phases of the project for intercomparison of land surface parameterization schemes (PILPS) (e.g., Chen et al., 1997; Wood et al., 1998; Liang et al., 1998; Lohmann et al., 1998; Bowling et al., 2003; Nijssen et al., 2003) . Liang and Xie (2001) and Parada et al. (2003) showed that the performance of the VIC-3L model under drier conditions could be improved with the inclusion of a new representation of the infiltration excess runoff mechanism. Furthermore, the VIC-3L model has been used in a wide range of applications, including soil moisture estimation (e.g., Nijssen et al., 2001a) , streamflow forecasting (e.g., Nijssen et al., 2001b; Hamlet and Lettenmaier, 1999a; 1999b) , and climate change impact analyses (e.g., Leung et al., 1999) .
The VIC-3L model has been successfully applied to many regions in the world but not in the Yangtze River basin. The Yangtze River is the longest river in China, with a main channel length of 6300 km and a drainage area of 1 800 000 km 2 . The Yangtze River basin includes large urban areas and significant croplands that play critical roles in the economy of China and the health of the ecological environment. There are many notable projects associated with the Yangtze River basin, such as the Three Gorges Dam project and the project involving the transfer of water from south to north in China. It is critical and at the same time challenging to understand the natural terrestrial hydrological processes over the Yangtze River basin and the interactions between land surface and atmosphere and the impact of the Three Gorges Dam on the surrounding ecological environment.
In this paper, the surface hydrological processes of a selected subbasin of the Yangtze River basin are simulated using the VIC-3L model with the conventional (i.e., resource and environment database of China (REDC)) and remote sensing surface vegetation coverage (i.e., moderate resolution imaging spectroradiometer (MODIS) data). The model simulations based on REDC data are compared with those based on MODIS data. Impacts of applying the remote sensing data on water fluxes are discussed. Simulation results are compared with 10-year daily streamflow measured at the outlet of the basin from 1992 to 2001.
Site description, data, and parameters
The Baohe River basin (Figure 1 ), bounded by latitudes 33°40′N to 34°20′N and longitudes 106°40′E to 107°30′E, is located in the upper Hanjiang River basin. Baohe basin has a drainage area of approximately 2500 km 2 , covers Taibai, Fengxian, and Liuba counties, and has its outlet at Jiangkou hydrological station. Annual average precipitation ranges from 500 to 700 mm, and the terrain fluctuates from 1000 to 1200 m above sea level. The basin has good vegetation coverage, with 93%, 90%, and 50% coverage in Taibai, Fengxian, and Liuba counties, respectively. Vegetation cover includes oak, white poplar, oil pine, birch, walnut tree, sumach, and apple tree. The primary crops are corn, wheat, rice, and soybeans. The basin is close to natural protection regions for wildlife, such as giant salamander, giant panda, and ibis.
Daily precipitation, maximum temperature, minimum temperature, wind velocity, air pressure, vapor pressure, relative humidity, and sunshine hours are available for the period 1992-2001 from six meteorological stations. The locations of the six meteorological stations, Taibai, Baoji, Fengxian, Liuba, Chenggu, and Yangxian, are shown in 
Soil and vegetation data from the REDC
Spatial information on soil and vegetation for the Baohe River basin is available from the REDC data source (1 : 4 000 000) (see Figure 2 ). In the Baohe River basin the land cover classifications from the REDC include deciduous needleleaf forest, deciduous broadleaf forest, woody forest, open shrubland, grassland, and cropland. The vegetation types and their corresponding characteristics are listed in Table 1 . The soil types from the REDC source include sandy loam, sandy clay loam, and clay loam. The soil types and their corresponding characteristics are listed in Table 2 .
Soil and vegetation data from MODIS
The land cover and LAI data derived from the MODIS 2 data source were obtained from Boston University. The land cover is classified by a supervised International Geosphere-Biosphere Program (IGBP) classification technique. The images used were from the National Aeronautics and Space Administration (NASA) TERRA/MODIS HDF-EOS MOD12Q1. The IGBP classification scheme identifies 17 classes at 1 km resolution: (1) evergreen needleleaf forest, (2) evergreen broadleaf forest, (3) deciduous needleleaf forest, (4) deciduous broadleaf forest, (5) mixed forests, (6) closed shrublands, (7) open shrublands, (8) woody savannas, (9) savannas, (10) grasslands, (11) permanent wetlands, (12) croplands, (13) urban and built-up, (14) cropland -natural vegetation mosaic, (15) snow and ice, (16) barren or sparsely vegetated, and (17) water. Eight of these vegetation types are present in the Baohe River basin based on the MODIS data (see Figure 3a) The LAI information is available from the MOD15A2 product produced with the Knyazikhin algorithm (Knyazikhin et al., 1998a; 1998b) at 1 km resolution, which is aggregated to a spatial resolution of 4 km to be consistent with the spatial resolutions of other variables used in the VIC-3L model simulations. Figure 3b shows the spatial distributions of LAI for June 2000 at 4 km resolution for the Baohe River basin. Figure 3 shows that the spatial distributions of LAI clearly vary greatly with seasons, and that there are large spatial variations of LAI in space. The temporal variation for croplands can be dramatic over the course of the life cycle (e.g., periods of planting, growing, and harvesting). Information with significant temporal and spatial variations in LAI is important for land surface models. Remote sensing is the ultimate source for timely information over a large spatial domain.
VIC-3L model parameters
In addition to the information on model input forcings (discussed in the next section), soil, and vegetation as discussed earlier (see Tables 1 and 2 Table 3 and are based on past experience of VIC-3L model applications.
Stepwise interpolation approach (SIA) for climate variables Background information and introduction to the SIA
The climate variables, such as precipitation, temperature, and wind speed, are affected by terrain. Many researchers (e.g., Kurtzman and Kadmon, 1999; Oliver and Webster, 1990 ) have incorporated elevation into geostatistical approaches (Martínez-Cob, 1996; Prudhomme and Reed, 1999; Goovaerts, 2000 slope, aspect, and exposure, using regression equations (Basist et al., 1994; Goodale et al., 1998; Ninyerola et al., 2000; Wotling et al., 2000; Weisse and Bois, 2001 In this study, we use a stepwise interpolation approach (SIA) to obtain atmospheric forcings (i.e., precipitation, temperature, pressure, and wind) at finer spatial resolutions. SIA with Gauss distance weight can improve the accuracy (Zhou, 1993a; 1993b; 1995) at the grid cells by correcting computation errors step by step and incorporating topographic factors in the interpolation equations for precipitation, temperature, pressure, and wind. Specifically, the interpolation equations consider variations of elevation, slope, and aspect for precipitation, statistical lapse rate for temperature, logarithmic variation of elevation for wind speed, and pressure. Six meteorological stations shown in Figure 1b are used to establish the interpolating equations based on SIA to obtain the atmospheric forcings at 4 km resolution for the Baohe River basin. Figure 4a shows a spatial distribution of 10-year (from 1992 to 2001) annual averaged temperature obtained with SIA at 4 km resolution. It can be seen that the temperature varies with topography. The average maximum annual temperature is 11.4°C in the valley, and the average annual temperature generally decreases with an increase in elevation. The lowest temperature, 0.3°C, is at the top of Taibai Mountain in the northeast of the basin. The spatial distribution of the interpolated temperature is consistent with the general spatial distribution of the observations for the region. Figure 4b shows a comparison of a 10-year daily averaged temperature between the observations and interpolated results at the Taibai County meteorological station in which the Taibai station was included in establishing the interpolation relationships owing to the limited number of available stations. The absolute errors are about 0.5-1.0°C, and the relative errors are less than 5% from the interpolation equations. Figure 4c shows the 10-year (from 1992 to 2001) averaged annual precipitation obtained from SIA. There is more precipitation in the south than in the north, and more in the valley than on the mountain tops. The analysis indicates that the precipitation decreases as elevation increases. Figure 4d shows the comparison between the 10-year averaged daily precipitation based on SIA and the observations at Taibai station, in which Taibai station was included to establish the interpolation equations, again owing to the limited number of available stations. The maximum error is about 8 mm in Figure 4d , and the relative error is approximately 10%.
SIA results for climate variables

Results with the REDC vegetation classification
The VIC-3L model is applied to the Baohe River basin at 4 km resolution. The atmospheric forcings required by the VIC-3L model are interpolated to the 4 km resolution based on SIA. Soil properties are used at the spatial resolution of the REDC data. Vegetation properties from the REDC data source are also used at the spatial resolution of the REDC data, and the vegetation information from the MODIS data source at 1 km resolution is aggregated to 4 km resolution. The main reason for selecting 4 km spatial resolution for this study is to keep a relative balance in obtaining a reasonable river network for the Baohe River basin, having reasonable spatial representation on vegetation heterogeneities, and avoiding significant deteriorations of the spatial distributions of the atmospheric forcings through the SIA method based on the limited available information. In this section, only the VIC-3L model simulation results using the REDC vegetation data are discussed.
Simulation of the components of surface water balance
Figures 5a-5d show spatial distributions of the annual mean evapotranspiration, total runoff, soil moisture of the top 10 cm layer, and snow sublimation obtained from the VIC-3L model simulations over the period 1992-2001 for the Baohe River basin. The soil and vegetation information used here (i.e., Figure 5 ) is from the REDC data source (see Figure 2) . Figure 5a shows higher evapotranspiration in the southeast region and less in the northwest region. The spatial distribution of evapotranspiration is consistent with the general spatial patterns of precipitation (Figure 5c ) and vegetation (Figure 2b) . The maximum mean annual evapotranspiration of 588 mm/year occurs in the southern deciduous broadleaf forest area of Hanzhong District, which receives relatively more precipitation. The minimum averaged annual evapotranspiration, about 496 mm, occurs in the mountains with higher elevations and a dryer climate.
The spatial pattern of the simulated mean annual total runoff (Figure 5b) is different from that of evapotranspiration (Figure 5a) . There is more runoff in the southeast basin that is related to the sufficient precipitation in the area and on Taibai Mountain in the northeast of the basin owing to steeper terrain and less evapotranspiration but greater snowmelt in the summer. Runoff is about 73 mm in the north and west of the basin because of lower precipitation. The cropland in the northeast of the basin has 231 mm of runoff, about 100 mm more than in the rest of the basin. This is partially due to crop plantations and harvest. Figure 5c shows the spatial distribution of the simulated mean annual soil moisture in the top 10 cm layer. The moisture in this thin layer of soil seems to be affected by the spatial distributions of both vegetation and precipitation. The soil moisture seems to be relatively homogeneous in the middle and southern parts of the basin. The heterogeneity of the soil moisture distribution seems to relate to the spatial distributions of vegetation, topography, soil properties, and precipitation in a complex manner, similar to the findings reported by other researchers (e.g., Famiglietti et al., 1999; Mohanty and Skaggs, 2001; Hupet and Vanclooster, 2002; Kim and Barros, 2002; Oldak et al., 2002) . Furthermore, there seems to exist a soil moisture transition zone of roughly 4-8 km in length between two different soil types. The minimum mean annual soil moisture is less than 21 mm and occurred in the sandy loam area, and the maximum mean annual soil moisture is about 28 mm in the clay loam area. Figure 5d shows the spatial distribution of the snow sublimation. The southern part of the basin has a very low value of snow sublimation (approximately 2 mm), whereas the northern part of the basin over the mountain areas has high snow sublimation (e.g., approximately 27 mm).
The VIC-3L model simulated evapotranspiration at the model grid cell containing the meteorological station of Taibai County is compared with the potential evaporation measured at the station. A strict comparison between the two time series is not appropriate because of the differences in scales and the availability of water. That is, the VIC-3L model simulation at the grid represents an average actual evapotranspiration over an area of 4 km × 4 km, not a potential evaporation at any point within the 4 km × 4 km grid area. A general comparison between the two time series is informative, however, in checking the general daily patterns simulated by the VIC-3L model. Figure 6 shows a general comparison between the VIC-3L model simulated grid-averaged evapotranspiration and the observed point potential evaporation smoothed by a 15-day window for the period 1992-2001. It can be seen in Figure 6 that the general pattern from the VIC-3L model compares well with the observations. As expected, the VIC-3L model simulated evapotranspiration is less than the observed point potential evaporation. The underestimation in the summer months is not as significant as expected, partially due to the vegetation classification based on the REDC data. The significant underestimation in the winter months by the VIC-3L model may be partially related to the vegetation information provided by the REDC data source and the dry climate in winter.
Simulation of river flow
Measured streamflow at the outlet of a watershed provides important information to partially test the performance of a model, since the streamflow is an integrated measure of the water over the watershed and can be measured with relatively high accuracy compared with the other water fluxes in the watershed. In our study, the river network at 4 km resolution is obtained based on the digital elevation model (DEM) at 1 km resolution using the method of Reed (2003) (see Figure 7) . Figure 7 shows that the river network obtained based on 4 km resolution is consistent with that based on 1 km resolution. To compare the VIC-3L model simulated runoff with the observed streamflow, the simulated runoff is routed through the river network using a simple routing model (Lohmann and NolteHolube, 1996) . simulated runoff compares well with the daily observed streamflow in general, but significant underestimations of the streamflow peaks are evident (see Figure 8) . The underestimations may be affected by the inaccurate spatial distributions of vegetation, soil properties, and precipitation.
Impacts of remote sensing information on land surface modeling
To investigate the impacts of remote sensing on water fluxes simulated by the VIC-3L model for the Baohe River basin, we replaced the vegetation information from the REDC data source with the MODIS data while keeping everything else the same as described in previous sections. The VIC-3L model is rerun for the same period (i.e., 1992-2001) in which the MODIS vegetation information (i.e., LAI and vegetation classification) of year 2000 is applied to the 10-year simulation by assuming that vegetation did not change over the 10-year period in the study region. It is worth noting that it is desirable to have monthly land cover and LAI information each year to conduct the 10 year VIC-3L model simulations. However, such information is not available to this study. Although monthly land cover and LAI data were only available for 2000 from MODIS, the land use has not changed significantly in the study region over the past 10 years. Therefore, we use the monthly MODIS data for 2000 in the VIC-3L model simulations for the period 1992-2001. Figure 9 shows the differences in mean annual evapotranspiration, runoff, soil moisture in the top 10 cm layer, and snow sublimation fields between the VIC-3L model simulations using MODIS data and those using REDC data. The relative differences in evapotranspiration (Figure 9a) vary from 10% to 18%, with the absolute differences ranging from -21 to +86 mm. In general, there is an increase in evapotranspiration in the northern part of the basin and a decrease in the southern part of the basin in the mean annual evapotranspiration measure. The increase in the north is mainly because of a different identification of vegetation cover by the MODIS data from that by the REDC data. In particular, the MODIS data indicate that the area is covered by cropland with high LAI values in the summer, whereas the REDC data indicate the area as grassland with low LAI values. The decrease in the south is also caused by the different identifications of the land cover from the MODIS and REDC data sources. Specifically, the MODIS data indicate that the area is covered by mixed forest, whereas the REDC data indicate the area is deciduous broadleaf forest. The overall impact of the MODIS vegetation data on the VIC-3L model simulation over the Baohe River basin is a reduction in evapotranspiration estimation. Figure 9b shows the differences in mean annual runoff for the 10 years. The relative differences for runoff vary from 10% to 20%, similar in magnitude to those for evapotranspiration. The absolute differences in runoff range from 7 to 42 mm. The increases in runoff occur in the northern and southern parts of the Baohe River basin when the MODIS data are used, and the decreases occur in the middle part and the northeast mountain areas of the basin. Figure 9c shows that the relative difference in the soil moisture in the top thin layer is less than 10%. With the use of MODIS data, the soil moisture is 1.6 mm less in the middle part of the basin and 8.0 mm more in the southern and northern parts of the basin when compared with the soil moisture obtained based on the REDC vegetation data. Figure 9d shows the difference in snow sublimation, which varies from 8 to 18 mm. The maximum positive difference is on the top of Taibai Mountain. This is reasonable because Taibai Mountain is covered with permanent snow. Figure 8 , it can be seen that the MODIS vegetation information significantly improves the VIC-3L model runoff simulations for the Baohe River basin. In particular, the large underestimations of the streamflow peaks by the VIC-3L model shown in Figure 8 are no longer present in Figure 10 . In 1992, the improvement is obvious in September, with the VIC-3L model runoff peak close to the measured value. The MODIS data make the simulation peaks closer to the measured peaks in May, June, and July of 1993. In 1995, the VIC-3L model simulated runoff is closer to the observed runoff before July and also matches the observed streamflow peaks and low flows in July and August. The significant underestimations of the observed peaks by the VIC-3L model in May, June, July, and October are all improved in 1999. On the other hand, the VIC-3L model overestimates smaller peaks in April and September. In 2001, the use of MODIS vegetation data results in a remarkable improvement in the peak flow simulation by the VIC-3L model in September, while there is little change in runoff simulations for the other months.
Differences of surface fluxes in space
Impact of MODIS
The results show that the MODIS vegetation data, such as land cover and LAI, are helpful in improving hydrologic simulations. This is because the LAI and land cover information derived from MODIS data reflects more accurate vegetation classifications and the seasonal variations. The REDC land cover information is outdated and too general, with only six vegetation types identified. In fact, there are usually mixed forests in the Baohe basin. The large deciduous broadleaf forest identified by the REDC resulted in an increase in evapotranspiration and a decrease in runoff, which leads to a decrease in streamflow simulation. This is probably why the peak flow simulations with the REDC are considerably lower than the observed peak flows, whereas the simulated results with the MODIS data are closer to the observations.
Conclusion
This study shows that the stepwise interpolation approach (SIA) method is effective in interpolating the climate variables to obtain reasonable spatial distributions of the atmospheric forcings needed in the VIC-3L model. The VIC-3L model can reasonably simulate water fluxes such as evapotranspiration, runoff, soil moisture, and snow sublimation for the Baohe River basin if reasonable vegetation information is available. The much more reasonable spatial distributions and magnitude of vegetation classification and LAI of the MODIS data source than those from the REDC data source clearly demonstrate that vegetation information significantly affects the spatial distribution of evapotranspiration, and thus the spatial distributions of runoff, soil moisture, and other water fluxes, and also their magnitudes. This study shows the important role that remote sensing information (e.g., MODIS data) can play in improving land surface model simulations. Since this is the first study of applying VIC-3L to the Yangtze River basin in China with a high level of spatial resolution, the promising results obtained here are quite encouraging for future applications of the VIC-3L model to the entire basin. 
